Abstract: Dual-wavelength single polarizing filter has many important applications in the field of optical communication. Based on the principle of surface plasma resonance, a kind of dual-wavelength single polarizing filter with the broadband of low crosstalk was proposed in the paper by adopting good polarization characteristics of photonic crystal fiber. It could have single polarizing filtering in the dual-wavelength of 1310 and 1550 nm and the polarization direction of optical output is independent of the wavelength of incident light. The polarization direction of emergent light through filter can always keep the core mode in x-polarized direction (x-PCM) in a wide range of wavelength, which increases the difference of confinement loss of core mode in y-polarized direction (y-PCM) and x-PCM, and reduces mutual crosstalk. Meanwhile, the theoretical result also showed that the wavelength location and intensity of loss peak of polarizing mandrel are only affected by the air holes adjacent to fiber core and metal film and have little correlation with the structural parameters of other air holes, which ease the difficulty level of preparing filter based on photonic crystal fiber. Under certain structural parameters, the confinement loss of y-PCM could reach 265.04 dB/cm in 1310 nm and 230.5 dB/cm in 1550 nm. The half-width of confinement loss in the wavelength of 1310 nm is only 12 nm, while the loss of x-PCM is much smaller than that in y-PCM.
Introduction
Photonic crystal fiber (PCF) [1] has good application prospects in the field of communication due to its special microstructure, such as photoelectric regulator, multiplexer and polarizer. Meanwhile, for the control of polarization, it has becoming a trend to use polarization switch [2] , polarization rotator [3] and polarization multiplexer [4] etc. in communication system and integrated optical systems. Therefore, it is necessary to propose a new kind of excellent polarizing filter in the field of functional devices.
In order to get better polarization characteristic, people found that coupling between the light conducted by fiber core and plasma generated on the metal surface would occur when the phase matched by adopting the feature of PCF and filling or coating metal on PCF. And then the confinement loss of light in the direction of single polarization would become very large [5] . In 2007, Zhang et al. demonstrated selective coating of PCFs with metal and used it to fabricate an in-fiber absorptive polarizer [6] .
In 2008 and 2011, the photonic crystal fiber filled with metal was prepared by Lee et al. with the methods of fiber-optical drawing [7] high temperature & high pressure [8] respectively, which proved that there was significant polarization transmission characteristic for PCF after filling with metal and predicted that this kind of polarization characteristic would be widely used in filter. In 2013, Xue et al. proposed that the half-width of confinement loss in single polarization direction of polarizing filter filling with metal was only 20 nm [9] . In 2014, Chen et al. designed a single polarizing filter based on surface plasma, its confinement loss of y-PCM in 1310 nm was 245 dB/cm, and that x-PCM in 1550 nm was 102 dB/cm [10] . However, filters in most reports met the coupling condition of core mode and surface plasma polariton mode (SPPM) by changing the air hole around the fiber core [9] - [13] . But neglected their respective features of core mode and SPPM, and it will achieve better effect if adjust both of them. In addition, in order to improve the polarization characteristic of PCF, it usually changes the massive structure of PCF to be asymmetrical, which increases drawing difficulty [12] , [13] . Moreover, for polarizing filter of dual communication wavelength, the polarization direction of different wavelength often locates in x and y directions. It is hard to keep single polarization direction within wide range of two communication bands [13] . It will disturb the band width of crosstalk and the polarization direction of optical output is dependent on the wavelength of incident light, which is not conductive to the acquisition of signal during communication and is hard to use in polarization communication devices similar to combiner.
To this end, dual-wavelength polarization filter which is easy to prepare, normal hexagonal crystal structure is adopted for PCF. Certain error range is allowed for part of the structure, which reduces the preparation difficulty of PCF. Two big air holes are introduced around the fiber core and metal film to limit the core mode and surface plasma polarization (SPP) mode. Excellent polarization characteristic and low crosstalk are obtained in dual communication band by regulating the sizes of air holes around the fiber core and metal film. They are of great significance to get better polarization characteristic by substituting current polarization devices in the field of optical communication and to achieve integration of communication devices.
Structure and Basic Theory
Considering the feasibility of technology and the polarization characteristics of PCF, in order to realize single mode transmission and dual-wavelength single polarization filtering and to reduce the impact of crosstalk and key parameters of mandrel and SPP mode on the wave band of polarization filtering, simple hexagonal crystal structure is adopted for PCF coating while three big air holes with the shape of equilateral triangle are introduced in the center, as shown in Fig. 1(a) . In Fig. 1(b) , the separation distance between adjacent air holes is 3 μm. is constant in the structure, it will good for fabricating with stack-draw method. The diameter of two big air holes around the fiber core is represented by d 1 . The diameter of air holes which is coated metal on the inner wall is represented by d a , and the coating thickness is t. The diameter of two big air holes around the metal film is referred to as d 2 while that of two small air holes above the fiber core is expressed as d 3 . The diameters of other air holes are expressed as dc. In order to assure single mode transmission of PCF and considering the flexibility of PCF structure, choose dc = 0.5 . Meanwhile, in order to limit mandrel, set d 1 = 0.8 , for the purpose of restricting SPP mode and regulating the perturbation of SPP mode, set d 2 = 0.7 .
The dispersion relation of pure silica glass and gold can be known through Sellmeier equation [14] and Drude-Lorentz [15] . Considering that the confinement loss of guide mode is greatly affected by polarizing polarizer, the confinement loss in x and y direction can be defined by below formula:
(1) In formula (1), Im(n eff ) expresses the imaginary part of effective refractive index, and the unit of confinement loss is dB/cm.
Results and Analysis
The paper used a full-vector finite-element based modal solver to calculate the PCF above mentioned. The confinement loss of x-PCM is reduced as two big air holes in horizontal direction of fiber core increase refractivity between cladding and fiber core, therefore, the loss of y-PCM is always higher than that in x direction within the wavelength range of 1250 to 1650 nm, as show in Fig. 2 . Meanwhile, d 2 near the metal layer also restricts the light coupling of SPP mode and core mode in x vibration direction. On the other hand, seen from geometrical optics, the size of light around fiber core is smaller than d 1 in its horizontal direction, and it is reflected back to fiber core, which leads to smaller loss of core mode in x-polarized direction than that in y-polarized direction. In the wavelength of 1310 and 1550 nm, the y-PCM has resonant coupling with the third and the second order of SPPM (as shown in Fig. 3 ). It indicates that the loss of mandrel coupled by the second order of SPPM in 1550 nm is greater than that coupled by the third order of SPPM in 1310 nm, which is different from the condition in normal fiber that the higher the order of mode, the larger the loss. Thus the coupled-mode theory is introduced to explain the phenomenon, according to coupled-mode equation:
In which, E 1 and E 2 express the mode fields of different modes. β 1 and β 2 are the propagation constants of corresponding modes, which is related to optical fiber structure. κ is the strength of coupling. β is the propagation constant of coupled mode after the coupling of two modes. Substituting them into equation (2) and the propagation constant β can be obtained as:
, and δ can be inferred as δ = δ r + iδ i . The real part of propagation constants of two leaky modes is equal, i.e., δ r = 0. Therefore, it can be derived that δ 2 + κ 2 = Fig. 4 . Wavelength dependence on the confine losses of different d 3 in this designed polarization filter with the gold layer.
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2 i + κ. When δ i < λ, the imaginary part of β + and β − is equal, but their real part is not. Since the largest resonance occurs when the loss of mandrel matches with that of SPP mode, when it is near phase matched point, the matching of loss means that the imaginary part of refractive index of two guide modes is equal while the real part of refractive index is not equal [16] . It can be seen from Fig. 3 that the real part of refractive index of y-PCM and SPPM is not equal in 1550 nm, and anti-crossing effect occurs, which means that the loss of y-PCM is the largest in 1550 nm. On the contrary, the real part of refractive index of y-PCM and SPPM in the wavelength of 1310 nm is equal, while the imaginary part is not, i.e., the loss of y-PCM is relatively low. If the loss of core mode in y-polarized direction is the largest in 1310 nm, the third order of SPP mode shall match with the loss generated, i.e., the real part of refractive index of SPPM and y-PCM will not equal if increase the loss of y-PCM, in order to achieve complete coupling.
When the diameter of air hole d 3 decreases, there will be more light leaking from fiber core and interacting with metal film, which is conductive to the loss matching of their coupling. When d 3 equals to 0.42 , 0.45 and 0.5 respectively, the loss of y-PCM in 1310 nm increases gradually with the decrease of d 3 (as shown inFig. 4). Conversely, there is almost no change for the loss of y-PCM in 1550 nm. Because there is complete coupling with SPPM for the y-PCM in 1550 nm, and there is no further increase in loss. While there is not complete coupling for the y-PCM in 1310 nm and the SPP mode of corresponding order could absorb leaking light of y-PCM till saturation. Since it is the third order of SPP mode that has complete coupling in 1310 nm and the second order of SPP that has complete coupling in 1550 nm, therefore, the polarization loss in 1310 nm is greater than that in 1550 nm. Better polarization filtering effect could be achieved by realizing the coupling of mandrel and higher order of SPP mode.
When d a = 0.92 , 0.94 and 0.96 increases gradually, blue shift occurs in phase matched point due to the impact of dispersion of mode; while in 1310 nm, the falling rate of refractive index of SPP mode with the increase of d a is slower than that of y-PCM, and red shift occurs in phase matched point [as shown in Fig. 5(a) ]. Therefore, the original loss peaks in 1310 and 1550 nm move to each other with the increase of d a [as shown inFig. 5(b)].
Meanwhile, the intensity of loss peak keeps a dynamic balance with the increase of d a , i.e., during the reduction of loss peak in 1310 nm, the intensity of loss peak in 1550 nm increases. Since both of the peaks reach complete coupling, one loss peak decreases while the other increases because the energy of leaking light absorbed by plasma is certain when reaches saturation.
If d 2 is 0.695 , 0.705 and 0.715 respectively, the location of loss peak will move to the place with longer wavelength [as shown in Fig. 6(b) ] with the increase of d 2 due to the dispersion relation of coupling mode. Moreover, with the increase of d 2 , the refractive index of SPP mode in 1550 nm changes faster than that of y-PCM [as shown in Fig. 6(a) ], therefore, red shift occurs in the location of resonance peak. Though red shift also occurs in the resonance peak of 1310 nm, its distance is shorter than that of 1550 nm because the refractive index of SPPM in 1310 nm changes faster than that of y-PCM. But its SPPM changes slower than that in 1550 nm, thus the distance of red shift is not as much as that in 1550 nm.
On the other hand, in shorter wavelength, since the size of air hole is greater than that of wavelength, the little change of air hole near metal film has little impact on the conductive process of light. But in longer wavelength, the diffraction effect of light appears, therefore the little change near metal film has obvious impact on light, which makes great position offset for resonance peak.
The thickness of metal film layer also has great impact on the resonant coupling of y-PCM and SPP mode as shown in Fig. 7 , and blue shift occurs in the position of resonance peak when the thickness t of metal film layer is 30, 40 and 50 nm respectively. When the metal film thickens, the quantity of metal ions increases, and it will absorb more energy while gathering oscillation occurs in the area of plasma. It also means that it will absorb incident light of high frequency, and the loss peak will move along with short wavelength when the metal film thickens.
According to the above research on structural parameters, single polarizing filter with dual communication band and excellent performance could finally be obtained when determine that Fig. 8(a) that, in the wavelength of 1310 and 1550 nm, the y-PCM has resonant coupling with the third and the second order of SPP mode. In addition, the real part of refractive index of y-PCM and SPP mode in phase matched point is not equal, which means that y-PCM and SPP mode have complete coupling, and the intensity of loss peak is also the greatest. Fig. 8(b) shows that x-PCM and y-PCM as well as the confinement loss of SPP mode. It can also certified from Fig. 8(b) that complete coupling occurs in phase matched point because the loss of SPP mode and that of y-PCM is equal in phase matched point. Moreover, the confinement losses of y-PCM in 1310 and 1550 nm are 686 and 215 times of that in x direction. The loss of x-PCM between 1220 and 1680 nm is always smaller than that of y-PCM. The half-width of confinement loss of y-PCM in 1310 nm is less than 12 nm.
Discussion
According to the definition formula of crosstalk: CT = 20 log 10 exp {[α 1 − α 2 ]L}, in which α 1 and α 2 express confinement loss in y and x direction respectively, while L presents the length of optical fiber [17] . When the length of optical fiber is 1, 5 and 10 mm, the peak intensity and band width of crosstalk is shown as Fig. 9 . Obviously, with the increase of the length of optical fiber, the crosstalk of the middle area of wavelength showed in the figure increases gradually. It also means that the band width of crosstalk also broadens rapidly. Table 1 shows that in different length of optical fiber, the band width of crosstalk in dual communication band broadens with the increase of the length of optical fiber. When the length of optical fiber is 10 mm, in 1310 and 1550 nm, the band width of filter with the crosstalk larger than 20 dB could reach 440 nm.
Conclusion
A single polarization filter with dual communication band is designed in the paper. It doesn't need to introduce integral asymmetry in the optical fiber. The performance of the polarizing filter is only closely correlated with the air holes around fiber core and metal film. The polarization loss of certain wavelength and the band width of crosstalk could be increased by regulating structural parameters. Through restriction of core and SPP mode at the same time, the y-PCM of polarizing filter could have coupling with the third order of SPP mode in 1310 nm, and with the second order of SPP mode in 1550 nm. In addition, the core mode loss in y-polarized direction in 1310 nm is 686 times than that in x-polarized direction, while it is 215 times than that in x-polarized direction in 1550 nm. Meanwhile, the confinement loss of y-PCM in 1310 and 1550 nm are 265.04 and 230.5 dB/cm respectively.
